For this paper, we evaluated the impact of repetitive cleans on a photomask that was fabricated and patterned for extreme ultraviolet lithography exposure. The lithographic performance of the cleaned mask, in terms of process window and line edge roughness, was monitored with the SEMATECH Berkeley micro-exposure tool (MET). Each process measurement of the cleaned mask was compared to a reference mask with the same mask architecture. Both masks were imaged on the same day in order to eliminate any process-related measurement uncertainties. The cleaned mask was periodically monitored with atomic force microscopy (AFM) measurements and pattern widths were monitored using scanning electron microscopy (SEM). In addition, reflectivity changes were also tracked with the aid of witness plate measurements. At the conclusion of this study, the mask under evaluation was cleaned 22 times; with none of the evaluation techniques showing any significant degradation in performance.
INTRODUCTION
The reflective, multilayer based, extreme ultraviolet lithography (EUVL) mask architectures are highly susceptible to surface oxidation and contamination. As a result, EUV masks will require periodic cleans processing to mitigate defectivity--as many as twenty times or more to meet high volume manufacturing (HVM) lifetime goals. Mask surface damage and the increased line edge roughness (LER) that may result from these repetitive cleanings remain a concern; thus.mask cleaning processes to be implemented for HVM must have negligible impact on lithographic performance after the many clean cycles that may be needed.
We have previously reported a lithographic performance comparison of a carbon-contaminated mask that was cleaned to a new generation uncontaminated mask [1] . The results of that study showed that the performance was not impacted by the cleaning process and that the cleaning did effectively remove carbon deposits from the mask pattern sidewalls. Another unpublished study involved a mask which was imaged before and after cleaning. The resist LER was observed to be significantly increased after the mask underwent intentionally aggressive multiple cleans processing.
In the studies completed for this paper, we evaluate a wet chemical cleans process designed for EUV mask contamination removal. The target here was to determine the number of times this recipe could be used to clean a standard EUV mask before the multilayer performance began to degrade. Any multilayer or absorber pattern degradation will adversely affect the image quality and photon throughput from the mask. The initial results from these studies were reported recently [2] , in which we found that after a total of eight cleans of the mask, statistically quantifiable changes were not observed in any of the completed analysis.
MATERIALS AND MEASUREMENTS
Two masks are used for the duration of the studies with one of the masks undergoing repeated cleaning and the other one being kept as a reference. Lithographic performance, in terms of process window analysis and line edge roughness, was monitored after every 2-4 cleans and compared to the reference mask performance. Mask surface changes are monitored by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Reflectivity changes are monitored by xray reflectometry and by witness plate measurements.
Mask
At the beginning of this study, two masks with identical multilayer, capping layer, absorber, and anti-reflection coating architectures are patterned for EUV lithography micro-exposure studies. The capping layer used is Ruthenium (Ru) at 2.5 nm thickness. Any carbon contamination on the surface of either mask should be minimal, since they have not been used prior to this set of imaging studies. An industry-developed cleaning process is used repeatedly on one of the masks, while the other mask is kept as is.
Cleaning
Standard acid-based wet cleaning chemistries were used to clean the surface of the mask. The process includes two main steps: organic removal by a mixture of sulfuric acid and hydrogen peroxide (SPM) followed by a particle clean by SC1 with megasonics.
Process Studies
The imaging was performed on the SEMATECH Berkeley MET installed at the Advanced Light Source synchrotron facility at Lawrence Berkeley National Laboratory. Details on the MET can be found in references [3] [4] . In the lithographic results presented here, all imaging is completed using an annular illumination with an inner sigma of 0.35 and an outer sigma of 0.55. The illumination angle of incidence is 4 degrees parallel to the mask patterns.
Throughout the imaging studies, we used the same area of the mask. The resist used for the entire study was the BBR-08A, which is one of the baseline resists for the MET. This resist was spin-coated onto a wafer primed with the Hexamethyldisilazane (HMDS) adhesion promoter to produce a nominal film thickness of 60nm. The patterns on resist were recorded using a top-down SEM (Hitachi FE-SEM S-4800) and analyzed offline with the software package SuMMIT [5] . Each data set consisted of an 11×11 grid of focus and exposure dose step called the focus exposure matrix (FEM). The focus step size used in the FEM was 50 nm and the dose steps were 5% exponential.
Process data for two sets of vertical, 1:1 line and space patterns were collected for each mask, one set at the critical dimension (CD) of 40 nm and the other at a CD of 36 nm. When the cleaned mask was imaged (referred to as the test mask), the reference mask was also imaged enabling us to monitor any system and process related effects over the long time span of this study.
Mask Multilayer and Surface Characterizations
In order to monitor damage to the Ru capping layer surface, three dimensional mask surface profiles were obtained using a Digital Instruments atomic force microscope at periodic intervals during the cleans. This AFM is capable of measuring sub-angstrom level root mean squared (rms) roughness of a surface, with a nominal tip radius of 8nm and a maximum of 12nm. The imaging is completed in tapping mode with minimal damage to the Ru surface. Each AFM image is 256×256 pixels, covering an area of 2µm×2µm giving a lateral resolution of approximately 7.8 nm per pixel. Post processing is used to de-convolve the AFM tip radius from the raw data.
Mask pattern widths were measured on the test mask after every cleans processing cycle with a Hitachi SEM. To track EUV reflectivity changes, a witness plate was fabricated with the same architecture as the test mask. This witness mask was subjected to the same cleaning process and its EUV reflectivity measured at periodic intervals with an EUV Technology reflectometer.
RESULTS

Pattern performance after 22 cleans
All of the process metrics extracted from the collected images are compiled in table 1, including exposure latitude percent (EL), depth of focus (DOF), and LER. The DOF is determined based on an elliptical fit to the +/-10% CDchange process window. For determining the DOF, the ellipse EL is set to have 10% CD variation. Both exposure latitude and DOF data for both pattern widths and all cases show less than 5% variation. This is well within the process uncertainty, which is expected to be anywhere from 5 to 10% for normal wafer to wafer MET operation conditions. The EL trend throughout span of the study is plotted in figure 1 . It is seen that the reference mask is slightly worse than the cleaned mask and this stays nearly the same towards the end of the study. The iso-focal feature widths for both sets of patterns are observed to be nearly identical throughout the study, indicating that there is no damage to the mask patterns. The data is tabulated in table 2 for both line sets evaluated. No evidence of CD change, relative to the uncertainty, is found. That is true both in an absolute sense and relative to the reference mask. The uncertainty in the data is found to be near 2.0nm. The averaged, 3σ LER can also be found in table 1, where it is seen that the characterized variations in all cases are well below the measurement and calculation uncertainty of ±0.40 nm. The LER is plotted in figure 2 , where the data shows similar trends as the exposure latitude, except in this case, the cleaned mask is shown to have slightly worse LER at the smaller line width, though it is still within the MET measurement uncertainty range. 
Mask surface after 22 cleans
The surface topographies recorded with the AFM at fixed intervals of the cleaning cycles were post-processed and analyzed to assess for any detectable capping layer damage. The mask blanks are qualified at the mid-spatial frequency range (MSFR) and these values do not show any notable variations. All tabulated values for roughness are given in table 3 (data after 22 cleans was still in progress as of this writing). EUV reflectivity measurements carried out on the witness mask show that after 23 cleans (figure 3), reflectivity remains unchanged. CD-SEM images of the mask were collected for the 40nm and 36nm equivalent lines and spaces on the mask and these were analyzed offline with SUMMIT. Shown in figure 4 are images obtained before the start of cleaning and after the mask was cleaned 22 times. Both 36nm and 40nm equivalent lines show little change after 22 cleans, well within the 5% error expected from SEM measurement variation.
SUMMARY
The data presented shows minimal degradation in lithographic performance for an EUV mask after 22 cleans with acidbased chemistry. EL comparison between the cleaned mask and the reference mask does not show any change greater in magnitude than were seen at the start of the study when both masks were pristine. The variations in LER are shown to be less than the process uncertainty determined for the resist at ±0.4 nm. Iso-focal CD for patterns evaluated remains the same. Furthermore, surface analysis by AFM did not show any changes in the mid-spatial frequency roughness. Finally, no decrease in EUV reflectivity was seen on the witness mask after 23 cleans. We conclude that the cleans processing completed to this point have not damaged mask multilayer or absorber structures. Figure 4 : CDSEM images collected before the start of cleans and after the mask was cleaned 22 times. For the 40nm lines, the averaged CD and LER do not show differences beyond measurement related error. The 36nm case does show a decrease in CD, but will not be detectable in pattern studies, after MET demagnification and the resist imaging errors are taken into account,
